Introduction
The development of bulk amorphous alloys 1) broke through the size restriction. Especially notable are that Zr-TM-Al (TM=Cu, Ni, Co) bulk amorphous alloys 2) obtain ideal glass forming capability 3) and good mechanical properties, 4) enabling applications as industrial materials. 5) Recently, fatigue properties [6] [7] [8] and impact fracture toughness [9] [10] [11] were also significantly improved in Zr-based bulk amorphous alloys. There are a wide-range of practical uses of bulk amorphous alloy for industrial/structural materials, such as further enhanced fatigue strength and ductility enabling the safe use of Zr-based bulk amorphous alloys as industrial/structural materials. Slight crystallization or crystalline particles remaining in the molten alloy state can cause cast structure defects, which could potentially become crack initiation sites. Furthermore, controlling the molten alloy state before casting is important for maintaining sufficient glass forming capability 12) because crystalline inclusions quenched in nuclei act as inoculation sites and enhance the crystallization before the amorphization in bulk amorphous alloy.
Realizing a perfect molten state using an arc-melting method is usually not possible because the molten alloy contacts the cold water-jacket copper hearth. Furthermore, the contact point is often locked tightly by coherent bonding to form an ohmic contact because the molten alloy must release charged electrons to the copper hearth through the contact point. In this paper, we call the contact point a "cold spot". Consequently, perfect melting with the arc melting method is quite difficult. However, for casting in an arc furnace, some methods can realize a perfect molten state in the pouring of molten alloy before casting. One that has already been reported is the arc-casting method, 13) which is characterized by purposely controlling the cold spot position. The other method is direct arc heating of the molten alloy for pouring just above the mold. We attempted to obtain a perfect molten alloy state by using the ladle arc-melting casting method. Arc melted molten alloy for pouring will not make a cold spot in the mold because the mold is insulated from the arc power source. Consequently, the molten alloy for pouting immediately achieves an almost perfect melted state by heating the molten alloy in the PFM state.
In this paper, we seek to prepare Zr 50 Cu 30 Ni 10 Al 10 14) bulk amorphous alloy sheets by the ladle arc-melting casting method, to produce the bulk amorphous alloy without crystalline inclusions inside the squeeze cast specimen. We will also evaluate the mechanical properties of bulk amorphous alloy sheets produced with and without the PFM process.
Experimental Procedure
We prepared quaternary Zr 50 Cu 30 Ni 10 Al 10 alloy ingots by arc melting pure Zr, Cu, Al, and Ni elements in an argon atmosphere. The alloy ingots were completely re-melted, and squeeze cast into 50 mm long, 60 mm wide, and 3 mm thick plates by the ladle arc-melt squeeze cast method. We examined the structure of cast bulk amorphous alloys by optical microscopy (OM) and scanning electron microscopy (SEM), and determined the compositions of several phases of the samples by an electron probe microanalyzer (EPMA). The tensile strengths of the samples were examined by an Instron tensile testing machine (type 5582) using a wire resistance strain gage with an initial strain rate of 6.7 × 10 −3 s −1 . The three-point bending test was also performed, with a 35 mm support span to estimate plasticity. The bending test specimens were prepared by surface grinding and polishing to a size of 10 mm × 50 mm × 2 mm. We measured the hardness by a micro Vickers hardness testing machine with a load of 2.9 N and a loading time of 15 seconds.
Results and Discussion
In the arc-melting methods, an ohmic contact point formed between the molten alloy and cold Cu-hearth and it usually promoted the amount of nuclei in the molten alloy as shown in Fig. 1 . Figure 1 shows the small reacted region between the molten alloy and Cu-hearth, referred to as the "cold spot" in this paper, and dendritic-free nuclei generated from the cold spot. Almost free nuclei are generated by removing dendrites tips derived from the cold spot. As a result, the bottom of the arc-melted molten alloy might not melt completely. To realize a perfect molten state, it is therefore most important to control formation of the cold spot. To control the cold spot formation, we modified the arc-heating system for molten alloy for pouting to realize the PFM process. Figure 2 schematically illustrates the squeeze cast method 15) with the PFM process ((a) to (c)). In the ladle arc-melt squeeze cast method with the PFM process, the hearth and mold are separate parts. Accordingly, perfect melting to a PFM state can be achieved by heating the molten alloy for pouring by arc heating just above the mold. Almost all free nuclei in the molten alloy will thus be eliminated by arc heating during the PFM pouring process. To accomplish this, the ladle arc-melt squeeze cast method with the PFM process requires at least two arc torches, one for the molten alloy on the hearth and the other for the pouring molten alloy just above the mold. Figure  3 shows the OM images of middle part of the squeeze-cast bulk amorphous sheets without the PFM process (a) and with the PFM process (b). The cast structure without the PFM process indicates the amount quenched dendritic inclusions. Such crystalline inclusions are characterized as τ 3-phase 16) and are often seen as fracture initiation sites of Zr-Cu-NiAl bulk amorphous alloys. The cast structure with the PFM process has no crystalline inclusions in the sample, though a slight crystallized chill layer is formed on the bottom side of the sheet. Since the chill layer is less than 100 µm, the single amorphous phase can be obtained by removing the surface of the bottom side. The specimens for mechanical tests used in this study are bulk amorphous sheets with the bottom surfaces removed. The structural change of these cast bulk amorphous alloys enhances the mechanical properties. We examined mechanical properties of the squeeze-cast bulk amorphous sheets with the PFM process and without the PFM process by tensile and three-point bending tests. Figure 4 (a) depicts tensile stress vs. strain curves of squeezecast bulk amorphous specimens with and without the PFM process. In this paper, specimens produced by the squeezecast method with the PFM process are called specimens with PFM, and specimens produced by the squeeze-cast method without the PFM process are called specimen without PFM. The tensile strength of the specimen with PFM increased about 15% over that of the specimen without PFM. This figure reveals a little plastic strain (about 0.03%) in the tensile stress vs. strain curve of the specimen with PFM. The difference of Young's modulus between the specimens with and without PFM was probably caused by the decrease of effective cross sectional area due to the existence of crystalline inclusions. Figures 4(b) and (c) present SEM images of the tensile-fractured surface of the specimens with and without PFM. The crystalline inclusions act as fracture initiation sites in the specimen without PFM as shown in Fig. 4(b) . For the specimen with PFM, there are no crystalline inclusions over the entire fractured surface, and a well-grown vein pattern can be seen as shown in Fig. 4(c) . Consequently, the decrease of tensile strength of the specimen without PFM is caused by the stress concentration around the crystalline inclusions, not only the effective cross sectional area decrease due to crystalline inclusions. The stress/strain concentration around the crystalline inclusions severely affects the plasticity. We performed bending tests to evaluate the plasticity of bulk amorphous alloy sheets. Figure 5 (a) illustrates bend load vs. deflection curves of the specimens with and without PFM. Plastic bending deflections of the specimens with and without PFM were 5 (0.5) mm, and the specimen with PFM exhibited no plastic deflection limit in this study. Therefore, the plastic bending de-formability of the specimen with PFM was enhanced by a factor of at least 10 over that of the specimen without PFM. We have previously reported 17) the enhanced bending deflection of Zr-based bulk amorphous alloy by cold rolling. However, this bending deflection is an intrinsic (not unique) property of Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloy. Figure 5 (b) depicts the specimen with PFM after bending tests with a bending deflection of about 7 mm. The squeeze-cast specimen with PFM exhibited superior bending plasticity. Additionally, the specimen without PFM broke easily at the bending point because of crystalline inclusions on the shear slip band that cause some cracking on the shear band. The bent specimen without PFM therefore often has many partially fractured internal regions, which correspond with the crystalline inclusions on the shear band. Unlike most ductile cast materials, Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloy exhibits high ductility while maintaining its high strength. The important point in producing crystalline inclusion-free bulk amorphous alloy is to control the molten alloy-state to realize perfect melting by using the PFM process.
Summary
In order to obtain the Zr 50 Cu 30 Ni 10 Al 10 bulk amorphous alloy sheet without crystalline inclusions, we performed ladle arc-melt squeeze casting with the PFM process. The structure and mechanical properties of the squeeze-cast bulk amorphous sheet were enhanced by the PFM process. The results obtained are summarized as follows.
(1) A perfect melting state can be achieved by the arc heating molten alloy for pouring just above the mold, like that performed in the PFM process. Thereby, the cast structure of the squeeze-cast bulk amorphous sheet becomes an almost amorphous single phase.
(2) The tensile strength of the specimen with PFM exceeds 1800 MPa, which is an enhancement of about 15% over the specimen without PFM.
(3) The bending deflection of the specimen with PFM is also enhanced by a factor of 10 over that of the specimen without PFM.
